Abstract Several studies have suggested that the pelvis is involved in the etiology or pathogenesis of adolescent idiopathic scoliosis (AIS). The purpose of this retrospective, cross-sectional radiographic study is to identify any correlation between the transverse plane rotational position of the pelvis in stance and operative-size idiopathic or congenital scoliosis deformities, using Scheuermann's kyphosis and isthmic spondylolisthesis patients for comparison. The hypothesis tested was that the direction of transverse pelvic rotation is the same as that for a thoracic scoliosis. As a group, AIS patients had a significant transverse plane pelvic rotation in the same direction as the thoracic curve. When subdivided into the six Lenke curve patterns, this was true for the groups with a major thoracic curve: thoracic (1), double thoracic (2) and double curve patterns (3). It was not true for patterns with a major thoracolumbar/lumbar curve: single thoracolumbar/lumbar (5) and double thoracic-thoracolumbar/lumbar (6). Nor was it true for triple (4) curves. The Lenke 1 and 2 major thoracic curves without compensatory thoracolumbar/lumbar curves did not have the predicted pelvic rotation. All congenital scoliosis patients studied had main thoracic curves and significant transverse plane pelvic rotation in the same direction as the thoracic curve. There was no transverse plane pelvic rotation in the Scheuermann's kyphosis or isthmic spondylolisthesis patients. We interpret these findings as consistent with a compensatory rotation of the pelvis in the same direction as the main thoracic curve in most patients with a compensatory thoracolumbar/lumbar curve as well as in patients with main thoracic congenital scoliosis.
Introduction
Our three-dimensional study of adolescent idiopathic scoliosis (AIS) [1, 18] and the observations of others [19] led us to visualize the AIS deformity as one, two or three imperfect geometrical torsions [2] . Based on these studies, surgical techniques were developed to provide corrective loads principally in the transverse plane [4] . As this work progressed, we noted anecdotally that on standing preoperative posterior-anterior radiographs of AIS patients the right ilium often appeared to be wider than the left, suggesting a clockwise pelvic rotation position. On postoperative radiographs, particularly in patients with multiple curves, this asymmetry occasionally appeared to be increased.
More recently we have become aware of the theory of Karski that a right hip abduction contracture may be important in the pathogenesis of AIS [25, 26] . In reviewing the coronal plane radiographic illustrations included with his work, we noted that the right ilium often appeared to be wider than the left.
To assist study of the transverse plane rotational position of the pelvis, we developed a method of quantification utilizing clinically available coronal plane posterior-anterior radiographs [28] .
The purpose of this study was to determine the transverse plane pelvic rotational position in stance in a population of presurgical AIS patients. Our hypothesis was that preoperatively the pelvis is significantly rotated in the same direction as the thoracic curve and thus in the opposite direction of the thoracolumbar/lumbar curve. For comparison, patients with congenital scoliosis as well as those with deformity in the sagittal plane only (Scheuermann's kyphosis and isthmic spondylolisthesis) were studied.
Materials and methods
This study was approved by the Kansas University Medical Center Human Subjects Committee. All measurements were made on clinically obtained, coronal plane posterior to anterior exposure spine radiographs taken on 91-cm (36-in.) film at a 183-cm (72-in.) tube to film distance. Patients were positioned so that a line connecting their heels would be parallel to the X-ray cassette.
The transverse plane pelvic position was determined by a method we have previously described [28] . Briefly, in experimentation with a sawbones model of an adult female we found that rotation in the transverse plane of up to 20°w as accurately reflected by a ratio of the iliac widths. Of a number of landmark possibilities studied, the best were found to be the inferior ilium at the sacroiliac joint medially and the anterior superior iliac spine laterally. These landmarks are usually visible on an exposure that includes the iliac crest for the purpose of viewing the Risser sign. For each side the linear distance between uprights through these points was measured and expressed as a left/right (L/R) ratio (Fig. 1) . Because the iliac shadow becomes wider on the side to which the anterior aspect of the pelvis is rotated, the ratio is less than one when the pelvis is rotated to the right and greater than one when rotated to the left, when viewed posterior to anterior. We did not convert this ratio to degrees rotation because accurate conversion requires measurements not available on a coronal plane radiograph. The degrees of rotation observed were small, usually less than 5°and always less than 10°.
The International Standards Organization Cartesian coordinate convention for expressing three planar positions was adopted [23] . According to this convention, vertebral body rotation to the right is in the clockwise direction and to the left is counterclockwise. Likewise, rotation of the anterior aspect of the pelvis to the right is in the clockwise direction and to the left is counterclockwise.
The most common idiopathic scoliosis curve patterns involve right/clockwise thoracic vertebra rotation and left/ counterclockwise thoracolumbar/lumbar vertebra rotation. For this reason, all measurements were oriented for these directions. For patients with left thoracic, right thoracolumbar/lumbar, or both curves, the reciprocal L/R ratio was used, obtained by dividing the right by the left iliac width measurement.
Scoliosis curves were measured using the Cobb technique [17] . Idiopathic scoliosis curve patterns were defined using the Lenke classification [29] . In addition the Lenke 1A and 2A categories were analyzed again after those curves were divided into short or long thoracic curves. Short thoracic curves, labeled 1A1 and 2A1, had L4 tilt of <5°in the direction of the thoracic curve. Long thoracic curves, labeled 1A2 and 2A2, had L4 tilt of ‡5°in the direction of the thoracic curve. Thus, the 1A2 curve was the same as the King/Moe IV curve [27] . Our reason for doing this was based on the observation that the A2 thoracolumbar/lumbar compensatory curves are partial or fractional and place the pelvis at or near the apex of the compensatory curve. As a result, it is plausible that the transverse plane pelvic rotation would occur in the opposite, counterclockwise direction to the hypothesized clockwise direction. The congenital scoliosis curves were classified by the main curve apex level. Descriptive statistics were used to characterize the study group. Intra-and inter-observer agreement (or reliability) of the pelvis L/R ratio was determined with the Intra-class Correlation Coefficients (ICC) [34] . The largest Cobb angle and age at surgery in each of the nine Lenke groups were compared with the Kruskal-Wallis test to determine if there was a difference between groups. Due to a small sample size in some groups, selected pair-wise comparisons were carried out on a priori basis. The L/R pelvis ratio was compared to one, or neutral. The one-sample t-test for a mean was used for this purpose for all normally distributed groups. The only non-parametric test needed was for Lenke group 2A1. For this group the Wilcoxon signed-rank test was used to compare the median L/R pelvis ratio to 1. The simple t-test for a mean was used to determine if the mean after subtracting 1 was significantly different from zero. Pearson's correlation coefficient test was used to determine if there was a correlation between the largest Cobb angle and L/R ratio in each of the Lenke groups. Alpha was set at P < 0.05.
Study groups
All patients with adolescent idiopathic scoliosis (AIS), congenital scoliosis, spondylolisthesis or Scheuermann's kyphosis receiving their index spine surgery by one surgeon at one hospital using one instrumentation system (either posterior or anterior) from January 1989 through December 2002 were eligible for the study. The AIS and congenital study group inclusive ages were 10 through 20 years. Because of small numbers the Scheuermann's kyphosis and isthmic spondylolisthesis study groups were not age limited.
Two hundred forty patients with AIS met the inclusion criteria. One patient had had an innominate osteotomy for developmental dysplasia of the hip and was excluded from further analysis, leaving 239 patients eligible for study. Preoperative X-rays allowing measurement of the transverse plane pelvic rotation were available for 188 patients (79%), of whom 160 were female and 28 male. Their average age was 14.6 years (±2. 35) , and the average size of their largest Cobb was 61°(±13°). Their breakdown by Lenke curve type is shown in Table 1 .
Twenty-one patients with congenital scoliosis met the inclusion criteria and were eligible for study. However, 8 had kyphoscoliosis and 1 a thoracolumbar curve, leaving 12 with major thoracic scoliosis. Preoperative X-rays allowing measurement of the transverse plane pelvic rotation were available for ten (88%), of whom seven were female and three male. Their average age was 13.7 years (±2.17). Their major thoracic curve, apex right in 6 and left in 4, averaged 59°(±16°). Five had a major high thoracic curve, averaging 36°(±12°) and 7 a major thoracolumbar/ lumbar curve, averaging 46°(±22°).
Ten patients with Scheuermann's kyphosis met the inclusion criteria and were eligible for study. Preoperative X-rays allowing measurement of the transverse plane pelvic rotation was available for eight (80%). Of the 8, 5 were female and 3 were male. Their average age was 22.5 years (±6.12).
Eighteen patients with isthmic spondylolisthesis met the inclusion criteria. One patient with thoracic idiopathic scoliosis operated the same day as her spondylolisthesis operation was excluded, leaving 17 patients eligible for study. Pre-operative X-rays allowing measurement of the transverse plane pelvic rotation were available for 7 (41%), 5 of whom were female and 2 male. Their average age was 28.8 years (±11.20). 
Results
The intra-observer (JG) agreement for the L/R ratio measurement was 0.97 for 197 comparisons. The inter-observer (JG and DB) agreement for 48 AIS comparisons was 0.88. The transverse plane position for the adolescent idiopathic scoliosis group is shown in Table 2 . For the group as a whole the hypothesis was true with a L/R ratio of 0.95, significantly less than 1 at P < 0.0001. The hypothesis was also true for the Lenke groups where the thoracic curve was the largest of the curves: groups 1 (thoracic), P < 0.0001; 2 (double thoracic), P = 0.02; and 3 (double), P = 0.0317. It was not true for those curves patterns with a single major thoracolumbar/lumbar curve: group 5 (thoracolumbar/ lumbar) or a double curve with a larger thoracolumbar/ lumbar curve group 6 (thoracic-thoracolumbar/lumbar). It was also not true for the triple curves where, even though the numbers were small, the trend was in the direction opposite than hypothesized. The Thoracic (1) and Double Thoracic (2) curve groups were separated on the basis of the lumbar modifier (Table 3 ). The hypothesis was true only for the Lenke 1A and 1B groups.
The thoracic and double thoracic curves with an A lumbar modifier were separated into those with <5°L4 tilt (A1) and those with ‡5°L4 tilt (A2) toward the thoracic curve convexity (Table 4 ). The 1A1 and 2A1 curves behaved as the hypothesis predicted, with pelvic rotation in the direction of the main thoracic curve. Interestingly, the 1A2 and 2A2 curves did not show any significant pelvic rotation, either toward or opposite to the thoracic rotation.
The transverse plane position for the congenital scoliosis group as well as the comparison Scheuermann's kyphosis and spondylolisthesis groups is shown in Table 5 . The hypothesis was proven for the congenital scoliosis group. For neither the Scheuermann's kyphosis nor the spondylolisthesis groups was the transverse plane pelvic rotation different than zero.
There were no correlations between the major Cobb and the pelvis L/R ratio for any of the scoliosis study groups. However, for the AIS 1A1 thoracic sub-group it was suggestive, cc 0.3259, P = 0.0736. To further explore the possible relationships between the coronal and transverse plane angular spine deformities and the transverse plane pelvic position, additional analyses were performed on this 1A1 sub group. Apex transverse plane vertebra rotation of both the main thoracic and the compensatory thoracolumbar/ lumbar curves was measured using the Perdriolle method [33] . For 6 of the 31 patients this measurement was not available for the thoracic curve, leaving 25 patients. In addition, the compensatory thoracolumbar/lumbar scoliosis was measured. Finally, the thoracic angle of trunk inclination (ATI) [3] , which was routinely performed clinically, was used as an additional measure of transverse plane deformity. The thoracic apex rotation was 27°(±7.5°), the thoracic ATI 17°(±4.7°), the compensatory thoracolumbar/lumbar Cobb 35°(±7.1°), and the thoracolumbar/lumbar apex rotation 6°(±5.6°).
The correlations between the coronal and transverse plane measures of the 1A1 thoracic sub-group are shown in Table 6 . There was significant correlation between the major thoracic and the compensatory thoracolumbar/lumbar Cobbs (P < 0.0001), but not between their transverse plane apex vertebral rotations. The pelvis L/R ratio correlated significantly with the thoracolumbar/lumbar apex vertebral rotation (P = 0.0105), but not with the thoracic apex vertebral rotation or trunk rotation and not with either the thoracolumbar or thoracic Cobb. The thoracic Cobb significantly correlated with both thoracic apex vertebral rotation (P = 0.0191) and the thoracic ATI (P = 0.0011). These two were significantly correlated (P = 0.0298). Finally, the thoracic apical vertebral rotation and the thoracolumbar/ lumbar Cobb were significantly correlated (P = 0.038).
Discussion
The etiology or etiologies and pathogenesis of adolescent idiopathic scoliosis are unknown. The possibility that the pelvis or hips are involved has been raised in several studies [5, 25, 26, 34, 36] .
Our findings support the hypothesis that transverse plane pelvic angular position is involved in the deformity of major thoracic AIS curves. Initially it appeared to us that this clockwise pelvic rotation might be involved in the thoracic curves' pathogenesis [22] . However, this theory seems unlikely given the lack of predictable pelvic rotation position for major thoracic curves without compensatory thoracolumbar/lumbar curves. And, the similar rotation direction of congenital major thoracic curves and the pelvis suggests that the transverse plane pelvic rotation position is compensatory. This view is also supported by the relatively small magnitude of pelvic rotation in comparison to the major thoracic apex vertebra transverse plane rotation. Finally, the absence of significant transverse plane pelvic rotation in either of the patient groups with spine deformity limited to the sagittal plane further suggests that the transverse plane pelvic rotation is related to the thoracic scoliosis.
Compensatory coronal plane scoliosis curves are well recognized. And sagittal plane compensation including the pelvis has received recent study [38] . Our focus is on the transverse plane and, based on our studies, we are suggesting that the transverse plane pelvis position accompanying major thoracic curves is the fourth transverse plane compensation. This concept is well visualized from the top, as illustrated in Fig. 2 . The major thoracic curve is rotated in the clockwise direction and is compensated for with counterclockwise high thoracic and thoracolumbar/lumbar rotations. The clockwise pelvis rotation is the next compensation. Regardless of the plane, compensatory curves and positions probably serve to help preserve balance.
To our knowledge our study is the first to quantify transverse plane pelvic rotation position in a full-length study. There is a preliminary mini-paper in which pelvic rotation, as quantified from landmarks on a coronal plane radiograph, was correlated to the apex of the compensatory thoracolumbar/lumbar curve [34] . This is complementary to our finding of a correlation between the transverse plane pelvic rotation and the thoracolumbar/lumbar compensatory curve apex vertebra rotation. Otherwise our experimental designs were too different to allow further comparison.
Our results show that the association of clockwise thoracic and clockwise pelvic rotation for major thoracic curves is disturbed by a structural thoracolumbar/lumbar curve, as in Lenke 4 and 6 curves, and by a fractional thoracolumbar/lumbar curve, when the L4 vertebral body is tilted in the frontal plane toward the thoracic curve apex (Lenke 1A2 and 2A2 in this study). These findings suggest that many different forces are competing to maintain trunk compensation.
Many asymmetries have been associated with the asymmetry of idiopathic scoliosis. The anecdotal observation of right hip relative or real abduction contracture by Karski [25, 26] has recently been supported in a preliminary study [13] . In their study 67% of the AIS patients studied had asymmetry of hip adduction of ‡5°, and, when present, it was on the right in 96%. However, a comparable control population has not been studied. It is entirely possible that such a small adduction asymmetry is a residual of the in utero left side lie, which encourages left hip adduction and right hip abduction [20] .
Experimentally, a pelvic wing deformity has been noted in a series of pinealectomized chicks that developed scoliosis [12] . However, this scoliosis was always at the thoracolumbar junction, and the thoracolumbar junction and the lumbar spine appeared to be deeply seated between the iliac wings. The relevance of this finding to the clinical situation may be questioned.
Patients with adolescent idiopathic scoliosis have been found to have significantly larger femoral neck-shaft angles than normal subjects [36] . This symmetrical increase in femoral neck-shaft angles suggests a systemic effect. One possibility is a neuropathic effect, which could be related to mild cerebellar tonsil protrusion [11] or to a functional tethering of the spinal cord [16] . Other possibilities include decreased stress on the developing femur from decreased body weight [32] , decreased activity [30] , osteoporosis [14] and malnutrition [39] .
In addition to being longer, the AIS patients' neck-shaft angles were asymmetrical, not as a group but by curve pattern [36] . In patients with right thoracic scoliosis the left neck-shaft angle was greater than the right. This is consistent with a relative right hip abduction contracture, which has been implicated in the pathology of idiopathic scoliosis, as has been noted. In AIS patients with left lumbar or double major scoliosis the femoral neck-shaft angle was greater on the right than the left. This seems consistent with the increase in vertical height of the ilium found on the side of the thoracolumbar/lumbar curve concavity in two studies [8, 37] .
Many significant skeletal asymmetries have been identified in patients with idiopathic scoliosis. Some correlate with the spinal deformity. These include iliac height and thoracolumbar/lumbar Cobb [8] , upper arm length asymmetry and thoracic vertebral rotation [9] , and ilio-femoral length asymmetry and sacral alar height asymmetry [10] . Some asymmetries do not correlate with the spinal deformity. These include right total leg and right tibia relative lengthening with lower spine scoliosis [8] and increased right tibial torsion in thoracic curves [7] . In addition to asymmetry, variations from normal growth have been identified by several workers and recently summarized [15] . Many of these asymmetries are also present in patients with congenital scoliosis [6] .
An appealing, unifying explanation of these many anthropometric variations from normal is the concept of developmental instability proposed by Goldberg et al. [21] . In this paradigm scoliosis is viewed as a loss of symmetry ''when the developmental program coded in the genome fails to run properly'', due to the timing and severity of any number of stress factors. This theory accommodates ''factors common to all etiologies''. Females are at increased risk for at least two reasons: they have more directional asymmetry than males [24] and their trunk muscle strength per lean body weight actually decreases from their juvenile to adolescent years, whereas in males it increases [40] .
The major weakness of our study is that we do not know if the pelvic iliac wing L/R ratio is positional, as we suppose, or intra-pelvic. To know this would require an axial imaging study. If done supine, as it is almost always, any intra-pelvic rotation could likely be determined but compensatory positioning change would be lost. Although the transverse plane pelvic rotation did not correlate with the Fig. 2 Top view drawing to illustrate the compensations above and below a typical T8 right apex thoracic adolescent idiopathic scoliosis thoracic Cobb, there were overlapping correlations from the thoracic spine to the pelvis. Compensations in one plane are not necessarily reflected in a second plane; witness the correlated coronal plane Cobbs and the uncorrelated transverse plane apex rotation in the Lenke 1A1 thoracic subgroup. Finally, the Lenke classification may not separate adolescent curves into homogenous curve patterns [31] , an observation we confirmed for the 1A group.
Conclusions
The method of measuring static transverse pelvic rotation was reliable. In patients with main single thoracic, double thoracic and double adolescent idiopathic scoliosis curves large enough to warrant surgery there was significant static pelvic transverse plane rotation in the same direction as the thoracic curve. The same was true for patients with main thoracic congenital scoliosis. There was no transverse plane pelvic rotation in patients with sagittal plane deformities. For adolescent idiopathic scoliosis patients with major thoracolumbar/lumbar curves, as well as triple curves, there was not a predictable correlation between pelvic rotation and curve direction. These findings support the hypothesis that static transverse plane pelvic rotation is one of the compensatory curves in major thoracic scoliosis curve patterns.
